ABSTRACT In this study, we performed an extensive exploration of the ligand entry mechanism for members of the steroid nuclear hormone receptor family (androgen receptor, estrogen receptor a, glucocorticoid receptor, mineralocorticoid receptor, and progesterone receptor) and their endogenous ligands. The exploration revealed a shared entry path through the helix 3, 7, and 11 regions. Examination of the x-ray structures of the receptor-ligand complexes further showed two distinct folds of the helix 6-7 region, classified as ''open'' and ''closed'', which could potentially affect ligand binding. To improve sampling of the helix 6-7 loop, we incorporated motion modes based on principal component analysis of existing crystal structures of the receptors and applied them to the protein-ligand sampling. A detailed comparison with the anisotropic network model (an elastic network model) highlights the importance of flexibility in the entrance region. While the binding (interaction) energy of individual simulations can be used to score different ligands, extensive sampling further allows us to predict absolute binding free energies and analyze reaction kinetics using Markov state models and Perron-cluster cluster analysis, respectively. The predicted relative binding free energies for three ligands binding to the progesterone receptor are in very good agreement with experimental results and the Perron-cluster cluster analysis highlighted the importance of a peripheral binding site. Our analysis revealed that the flexibility of the helix 3, 7, and 11 regions represents the most important factor for ligand binding. Furthermore, the hydrophobicity of the ligand influences the transition between the peripheral and the active binding site.
INTRODUCTION
Understanding the underlying processes in protein-ligand binding events is a key parameter in computer-aided drug design (1) , often requiring a proper description of the induced-fit (1-3) and/or the conformational ensembles (1, 3, 4) . Such analysis mandates a thorough study of the flexibility and accessible conformational states of the proteins, which could play a fundamental role in the biological function and response to modulators (1) .
The intrinsic conformational flexibility specifically plays a crucial role in the steroid nuclear hormone receptor family, which belongs to the nuclear hormone receptor super family. The family consists of five members: the androgen receptor (AR), estrogen receptor (ERa, b), glucocorticoid receptor (GR), mineralocorticoid receptor (MR), and progesterone receptor (PR). All steroid receptors regulate gene expression upon binding to cholesterol derivatives (5) and are involved in various physiological functions ranging from embryonic development to cell differentiation or homeostasis. Due to their critical roles in diverse biological processes, the receptors have received a lot of attention from the pharmaceutical industry, which has resulted in several medicines with application in diabetes (6, 7) , cancer (8, 9) , heart diseases (10), or COPD and asthma (11, 12) .
The nuclear hormone receptors share a common architecture with three separate domains: the variable N-terminal domain, the highly conserved DNA binding domain, and the ligand binding domain (LBD) (13) . The endogenous ligands bind within the LBD, thereby triggering specific receptor conformational changes that determine the biological function of the complex. For instance, ligand binding allosterically controls the coregulator-binding site called ''activation function-2'', located at the surface of the LBD, which allows the receptor to interact with transcriptional cofactors (13) .
The x-ray structures of the LBD for the five aligned steroid receptors in complex with their endogenous ligands (AR, testosterone; ERa, estradiol; GR, cortisol; MR, aldosterone; and PR, progesterone) are shown in Fig. 1 .
The general conserved structural motif of the LBD for all steroid receptors encompasses 12 helices. It is built up by a three-layered a-helical sandwich fold enveloping the ligand binding pocket in between the helices (13) , where the endogenous ligands show similar binding modes in a fully occluded binding pocket for all the receptors. The conformations of the receptors' LBD do overlay very well (the overall backbone root mean square deviation (RMSD) for the different receptors ranges from 1.0 to 1.8 Å ; see Fig. 1 ).
Although the five receptors share the overall similar fold, there are notable local variations in specific parts of the x-ray structures including conformational differences in helix 3, helix 6-7, and helix 11. Helix 3 has already been discussed for playing a role in ligand entry (14, 15) . The large flexibility of the loop connecting helix 6 and helix 7 is of special importance when studying ligand binding events, due to its close vicinity to the ligand binding site. The plasticity of this region as well as its integral part during ligand entry was recently discussed in respect to MR and GR ligand entry mechanisms (16) .
In this study, we extend the investigation of protein flexibility and ligand entry mechanism to the entire steroid receptor family. One key question unresolved so far is if all steroid receptors share the same entry pathway. As in our previous work (16) , we use the state-of-the-art computational tool Protein Energy Landscape Exploration (PELE), to efficiently sample the conformational space and protein-ligand binding events. This method (17) has been shown to be accurate and efficient in locating the binding site and ligand induced-fit mechanisms even for deeply buried and complex binding pockets (16, (18) (19) (20) (21) . To model the binding event even more accurately, we tuned PELE to incorporate experimentally observed receptor flexibility using principal component analysis (PCA). Various x-ray structures of the steroid receptors in complex with different ligands indicate significant differences in the receptor conformations, which might aid in modeling the intrinsic plasticity of the receptors upon ligand binding. Therefore, we hypothesize that incorporation of the experimentally available information (e.g., PCA analysis of x-ray structures) could improve sampling of backbone flexibility and simulation of the ligand binding events.
Our results provide a detailed analysis of the ligands' entry mechanism and the influence of different factors like protein dynamics and conformational states. In addition, for PR, the simulation results are further used to predict absolute binding free energies of the three ligands progesterone, cortisol, and aldosterone and to investigate the reaction profiles and kinetics using Markov state modeling (MSM) (22, 23) .
MATERIALS AND METHODS

PELE algorithm
PELE is a Monte Carlo (MC)-based technique that uses protein structure prediction algorithms (17, 24) . Each MC move consists of three main steps, i.e., ligand and protein perturbation; side chain sampling; and minimization. Ligand perturbation is based on rotation and translation, whereas the protein perturbation is based on an all-atom minimization with constrained displacements along the Ca-atoms following a set of given modes. FIGURE 1 Overlay of the five steroid receptors AR (cyan), ERa (green), GR (orange), MR (ice blue), and PR (yellow) in complex with the endogenous ligand (testosterone, estradiol, cortisol, aldosterone, and progesterone, respectively; chemical structures of the hormones on the right side). Helices numbered according to Bourguet et al. (42) . To see this figure in color, go online.
In the original PELE approach, the calculation of these modes is performed employing the anisotropic network model (ANM) method (25, 26) . The development of a new, to our knowledge, protein perturbation based on x-ray structure information is described in this article. The side chain sampling step includes all side chains for residues with at least one atom within 6 Å of the ligand's heavy atoms. The last step involves a complete minimization of the system. The resulting structure is accepted or rejected by applying a Metropolis criterion. In these simulations, an optimized-potentials-for-liquid-simulations (OPLS-2005) (27) all-atom force field with an Onufriev-Bashford-Case continuum solvent model (28) was used.
Structure preparation
All simulations for the investigated steroid receptor with the endogenous ligand were started from the following x-ray structure Protein Data Bank IDs: AR, 2Q7J; ERa, 1QKT; GR, 4P6X; MR, 2AA2; and PR, 1A28. Structures were prepared using the Protein Preparation Wizard (29) of Maestro (30) , adding hydrogen atoms, checking the protonation states of side chains (at pH ¼ 7.0), and optimizing the hydrogen-bond network. The resulting structures were checked by visual inspection. If necessary, loops were closed using Prime (AR, C844-K845; MR, K909-N913). For all systems, no coactivator peptide was included in the simulations (mirroring experimental conditions).
Binding site exploration
Two different binding site exploration simulations were performed. First, a complete space search was performed by placing the ligand in the bulk solvent and using 400 independent trajectories (one trajectory per computing core, using Intel Xeon CPU E5620 processors; Intel, Santa Clara, CA) for 48 h. Then, a local refinement search was performed, where the ligand was manually placed at the surface in the proximity of the proposed entry,~20 Å away from the active site. Local search simulations were run using the same number of trajectories for 24 h, where the ligand moves freely within a 20 Å sphere around the central point of the binding site (defined by the center of mass of the bound ligand).
Ligand perturbation depended on the ligand's solvent-accessible surface area (SASA, indicating the percentage [0:1] of the ligand's surface available to the solvent). For SASA values <0.2, the translation was 0.75 Å and rotation 0.1 rad; otherwise, translation was set to 2.0 Å and rotations to 0.15 rad. Rotation was increased to 0.45 rad within 4 Å to the binding site, allowing potential reorientations of the ligand. The number of steering steps, i.e., the number of steps that the ligand perturbation direction is kept, was eight, to enhance the entrance into cavities.
A combination of the six main modes (the lowest in ANM or those with larger variance in PCA) was used for perturbing the protein backbone. The main mode was mixed 50/50 with a random mixture of the five remaining ones, which was updated every three steps. A maximal displacement for the Ca-atoms constrained potential of 1.5 Å was used.
PELE results are analyzed by plots combining the binding energy and the ligand heavy atom root RMSD from the bound x-ray structure; the binding energy is computed as the internal energy difference between the complex and the free receptor and ligand:
, where the energy function takes into account solvation terms.
PELE settings for comparing ANM and PCA Different backbone perturbation settings were used to compare the ANM and PCA perturbation methods. The mode with highest amplitude for the helix 6-7 movement was selected as the main mode (PCA, AR, ERa, as mode 4; PR, GR, MR, as mode 2; ANM, AR, GR, as mode 5; ER, as mode 2; MR, as mode 4; and PR, as mode 3). Because we aim at quantitatively discriminating the binding events for the two different techniques, ligand translation was reduced to 0.5 and 1.5 Å with rotational steps of 0.05 and 0.15 rad (all variables equally distributed). Due to the smaller ligand translation, the number of steering translation steps was sequentially increased for each receptor until entries were found: AR, 9; AR with MRmodes, 7; ERa, 1, GR, 9; MR, 7; and PR, 2. Simulations have been performed for 500 MC steps using 264 processors.
PELE settings for calculating binding free energies with MSM
Absolute binding free energy simulations involved 600 independent trajectories for 24 h using the local restricted space described above. To improve convergence, we used six different initial structures with SASA~1.0, 0.8, 0.6, 0.4, 0.2, and 0.0 (bound complex), extracted from a binding trajectory; we thus had 100 trajectories starting in each of the initial structures. To avoid nonphysical transition between states, ligand translation and rotation adopted the small values described above in PELE Settings for Comparing ANM and PCA, and the number of steering steps was reduced to three.
PCA modes based on x-ray structures
PCA analysis was performed in a Python program (www.python.org) employing the ProDy library, version 1.5.1 (prody.csb.pitt.edu) (31) . For each system, the x-ray complex of the receptors with its endogenous ligand was taken as the reference structure, and public structures (monomer A) with a sequence identity of at least 98% and a maximum of one missing residue (gap) were taken; all structures are listed in Table S1 . Structures were superimposed (Ca-atoms) to the reference structure using ProDy's iterative superposition algorithm. The ensemble was used for calculation of the covariance matrix, which, after diagonalization, yielded the principal components. These were saved using ProDy's nmd file format (31) . Only the Ca-atoms were taken into account and gaps were treated with a weight of 0.0.
PELE code was then modified to load modes externally from files in the nmd-file format, replacing the ANM calculation step in PELE. This integration made it possible to use the same common code for both methods.
Binding affinities
Prediction with MSMs
The MSM method (23) is a powerful technique for describing the equilibrium properties of a system, based on the concept that conformational changes can be modeled as Markov chains. To build them with our MC procedure, we used the following steps: First, we ran 600 unbiased PELE trajectories during 24 h, starting from different conformations along the binding pathway (as described above in PELE Settings for Calculating Binding Free Energies with MSM). Afterwards, we divided the conformational space into 600 coarse-grained states (often called microstates), by clustering the different ligand's centers of mass using k-means. Then, the transition probabilities and the stationary distribution were estimated at a lag time that ensured Markovian behavior (i.e., memoryless), so that the MSM framework was valid. The potential of mean force, G pmf , was obtained for the ith state by using G pmf (i) ¼ Àk B T Â log(p i ), where k B is the Boltzmann constant, T is the temperature, and p i is the stationary distribution of the ith state. We obtained the binding free energy, DG, as seen in Takahashi et al. (32) .
One can extend the MSM analysis to study the binding mechanism. To do so, it is convenient to lump the microstates into larger states (often called metastable states, or macrostates), allowing us to further coarse-grain the original MSM and obtain a simpler picture of the binding process. We used Perron-cluster cluster analysis (PCCAþ) (33) , implemented in the software EMMA 1.3 (Free University of Berlin, Berlin, Germany) (34) , and lumped the original 600 clusters into seven metastable states. To highlight differences between ligands, we studied the transition probabilities for the different metastable states, not counting internal cluster transitions. Then, transition path theory (35) was used to study the main binding pathways. We computed the normalized fluxes for all the main pathways (i.e., with a flux >4%), and the committor probability, which is the probability of reaching the binding site from the different metastable states, before going back to the bulk.
Fluorescence polarization ligand binding assays (used for AR, ERa, GR, and PR)
Competition binding studies were performed using assay kits (PanVera, Madison, WI) for AR, ERa, GR, and PR, and a PolarScreen Competitor Assay kit (Life Technologies/Thermo Fisher Scientific, Carlsbad, CA) for PR. The receptor and fluorophore in the different assays forms a complex that gives a high polarization value, while the presence of a competitor prevents the formation of a complex, resulting in a decrease of the polarization. The shift in polarization value in the presence of test compound is used to determine relative affinity for the receptor. The proteins used in the assay kits were rat recombinant AR ligand binding domain (AR-LBD), human recombinant ERa, human recombinant GR, and human PR ligand-binding domain (PR-LBD). Compounds dissolved in DMSO were tested in black 384-well low-volume, nonbinding-surface glass plates (Corning, Corning, NY; PanVera AR and PR assays) or black 384-well small-volume, medium-binding Greiner plates (PanVera ERa and GR assays) in five-point concentration response, five-times dilution steps. In the Life Technologies PR assay, compounds were tested in 10-point concentration response, 1/2 log serial dilution. In the PanVera AR, ERa, and PR assays 15 mL of either AR-LBD/Fluormone AL Green, ERa/Fluormone EL Red, or PR-LBD/Fluormone PL Red (Thermo Fisher Scientific, Carlsbad, CA) was added to 200 nL test or control compound already present in the well. This was followed by a 4-6 h (AR), 1-5 h (ERa), or 1-6 h (PR) incubation in darkness at room temperature (RT). Final assay concentrations were 1.3% DMSO, 12.5 nM AR-LBD/0.5 nM Fluormone AL Green, 7 nM ERa/0.5 nM Fluormone EL Red, or 18 nM PR-LBD/1 nM Fluormone PL Red (Thermo Fisher Scientific). In the GR assay, 7 mL GR/Stabilizing peptide mix was added to assay plates with 1 mL test or control compound followed by 7 mL Fluormone GS Red. Plates were incubated in darkness for 2 h at RT. Final assay concentrations were 6.7% DMSO, 4 nM GR, 1Â stabilizing peptide, and 1 nM Fluormone GS Red.
In the Life Technologies PR assay (used for comparing to MSM results), 5 mL of PR Fluormone Red was added to assay plates with 50 nL test or control compound, followed by 5 mL PR-LBD and a 2 h incubation in darkness at RT. Final concentrations were 2 nM PR Fluormone Red/150 nM PR. The PanVera assay plates were read on an Analyst AD plate reader (LJL Biosystems, Sunnyvale, CA) with Ex 485/Em 530 (AR) or Ex 530/Em 590 (ERa, GR, and PR), while the Life Technologies PR assay plates were read on a PHERAstar Plus (BMG Labtech, Ortenberg, Germany) using a fluorescence polarization (FP) optic module (540/590/590). Data from PanVera assays was analyzed in the software ActivityBase (ID Business Solutions, Guildford, UK) and with the Life Technologies PR assay in Genedata Screener (Genedata, Basel, Switzerland). IC50 values were calculated using a four-parameter logistic fit. K i values for the Life Technologies PR assay were calculated using the Cheng-Prusoff equation
Scintillation proximity assay ligand-binding assay (used for MR)
A 96-well format scintillation proximity assay (SPA) was used to identify compounds that show binding to the human mineralocorticoid receptor ligand binding domain (MR-LBD). The immobilization of the fusion protein to the scintillation beads was done via rabbit MBP (maltose-binding protein) antibodies that were captured by the anti-rabbit SPA PVT (Polyvi- 3 H-aldosterone solution was added and incubated for 1 h on a shaker (<100 rpm). SPA imaging beads (Amersham) were dissolved to a concentration of 5 mg/mL and mixed with 4 mg/mL anti-MBP antibody (Abcam, Cambridge, UK) in assay buffer and 50 mL of the mix was added to assay plates. Plates were incubated for 3-6 h at RT before being read on a MicroBeta TriLux instrument (Wallac/PerkinElmer). The raw data output was analyzed in ActivityBase (ID Business Solutions) using a four-parameter logistic fit to calculate IC50 values.
RESULTS AND DISCUSSION
Exploiting experimental information: PCA of x-ray structures Exploration of ligand binding pathways in MR and GR revealed an intrinsic plasticity of the helix 6-7 region (16). Protein perturbation in PELE is based on the ANM method, which should provide a good description of the intrinsic overall protein motion using low-frequency modes. However, small local rearrangements, such as the ones often derived from ligand-induced protein movement, might not always be well represented by low-frequency modes (25, 26, 36, 37) . In contrast to ANM, PCA provides the essential movements that describe the ensemble of (experimental) structures (38) (39) (40) (41) . If the required flexibility is included in the reference ensemble, in our case a large set of x-ray structures, this motion can be included by PCA modes. As can be seen in Figs. 2 and S1 , for all the systems the general shape and magnitude of the displacement vectors are similar for the main modes of ANM and PCA. There are, however, key differences, especially in the helix 6-7 region highlighted in green. Further differences belong to helix 3 (760 MR ), helix 9-10 (915 MR ), and helix 11-12 (950 MR ). To investigate the impact of experimentally derived motion modes, we applied PCA modes in PELE's protein perturbation step, and compared the results to those of using standard ANM, as shown below in Influence of Protein Dynamics and Helix 6-7 Fold on the PELE Simulation.
Ligand binding site and ligand entry exploration
To address if all steroid receptors share the same entry pathway, we investigated the ligand entry mechanisms of their corresponding endogenous ligand (AR, testosterone; ERa, estradiol; GR, cortisol; MR, aldosterone; PR, progesterone). In the unbiased search, where simulations explored the complete protein surface (see Fig. 3 F, blue surface), entry events are only observed in the region where helices 3, 7, and 11 meet. This is in agreement with the previous studies of ligand entry for GR and MR (16) . For ERa, GR, MR, and PR, a few trajectories completely enter the binding site and result in structures close to the experimentally observed structure. In contrast, a complete binding event is not observed for AR, even though the ligand explores the entry region in a similar manner as the other receptors.
To enhance the sampling of binding events and increase the statistics, additional simulations were performed where the search radius was restricted to a 20 Å radius around the identified entry site. For all receptors, the endogenous ligand enters the receptor at the same position between helices 3, 6-7, and 11, despite other potential entry pathways being possible, such as through helix 11-12. Representative entry paths are shown in Fig. 3 . The covered search space (Fig. 3 F, green surface) shows that although the whole protein surface is no longer explored, the exploration would still allow different possible entry paths, e.g., through helix 11-12; but this is not observed. As it can be seen in Figs. 4 and S2, for each receptor the experimental ligand pose was reproduced in the simulations (ligand heavy atom RMSD values at %1.0 Å ). In addition, the low RMSD structures generally also possess the lowest ligand binding energy, except for ERa, where the binding pose cannot be clearly identified with the binding energy. It is interesting to note that the ERa x-ray structure exhibits a specific helix-12 conformation that opens up the binding site (see below for a more complete analysis of the fold difference), and could potentially influence the binding energy. By employing the enhanced sampling around the helix 3, 6-7, and 11 regions, ligand entries are also observed for AR, analogous to the other receptors. However, in keeping with the results of the full protein exploration, AR shows fewer entry events than any other receptor (see Table 1 ). 
Investigation of entry path and mechanism
While the entry pathways are consistent across all receptors, simulations yield different numbers of binding events (see Table 1 ). Furthermore, the PCA analysis reveals different degrees of flexibility (see Figs. 2 and S1 ). To build an understanding of how the number of entry events is influenced by the protein structure and dynamics, protein conformations are compared in more detail, and results from PCA-based simulations are directly compared to results from simulations using ANM.
Conformational pairing of helix 6-7 loop
When studying the steroid hormone complex structures in more detail, it is evident that the helix 6-7 loop differences largely pair-up into two different folds (see Fig. 5 ). In AR and MR, the helix 6-7 loop possesses a closed conformation with respect to the openness of the entry site. This can be defined by the distance between helix 11 and the helix 6-7 loop, in the range of 9-11 Å , which will be referred to as the ''closed fold''. In contrast, the loop region is significantly more open in the PR and GR structures, in the~15 Å range, showing a partially unstructured helix 6. Furthermore, helix 7 is extended and longer than in AR and MR. This will be referred to as the ''open fold''. ERa belongs to the closed fold with respect to the distance of helix 6-7 and helix 11 (8 Å ) . However, helix 7 is slightly extended and helix 6 is partially unfolded. Furthermore, helix 12 shows a completely different folding compared to the other receptors, which makes the binding site intrinsically more open. Looking at other x-ray structures of ERa, many of them have no structural information about helix 12 at all, pointing to a very flexible region, and few of these show a structure similar to those of the other receptors.
Thus, the separation between closed and open folds defines two structurally different gateways to the binding pockets: the binding pockets of GR, PR, and also ERa (due to the unfolded helix 12) should be easier to enter than those of AR and MR. This trend is largely represented in the number of entries highlighted in Table 1 as ERa and PR show many more entries than AR and MR. However, the influence of the fold of the receptors can only be directly compared when the same ligand is used for entry studies, thus eliminating effects coming from different molecular properties of the ligands.
Therefore, we further performed ligand entry simulations of progesterone to the five different receptors as being the least hydrophilic compound and thus minimizing the effect of polar interactions toward the receptors. The receptors belonging to the closed fold (AR and MR) should show fewer entries than the structures of the open fold (PR and GR) as well as ERa (as helix 12 is unfolded). Looking at the relative number of entries and sampled structures inside the receptor binding site (Fig. 6 A) , it can clearly be seen that this trend is reproduced. When looking at the same ligand, the ligand binding energy can be compared as well. The correlation of the ligand binding energy to experimental pIC50 values (Fig. 6 B) clearly shows that the binding energy obtained by PELE can be used to quickly score one ligand for different receptors.
Influence of protein dynamics and helix 6-7 fold on the PELE simulation
The use of PCA modes based on experimental x-ray structures allows us to include experimental information in the simulation protocol and to sample the observed protein dynamics. Furthermore, it allows us to investigate the importance of different conformational flexibility in specific regions being important for the entry mechanism, as ANM and PCA modes can differ (as shown above). Therefore, results from simulations with PCA modes are compared to those of simulations with ANM modes; Table 2 gives an overview of the results of the simulations.
ERa shows significantly more flexibility at the entry region in the PCA modes than in the ANM modes. Although helix 12 possesses a more open fold, which can intrinsically facilitate the entry, simulations with PCA modes clearly show more entrances than the ANM-based simulations. Furthermore, the entrance occurs faster when using PCA modes (fewer steps needed until entry).
For PR, the changes are expected to be larger as the difference between ANM and PCA is highest. Indeed, only a FIGURE 4 Results for PELE simulations using PCA modes for PR. It shows the correlation of the ligand heavy atom RMSD to the bound crystal (in Å ngstroms), and the binding energy (in kilocalorie per mole). Each color and symbol corresponds to an independent trajectory from the PELE sampling. To see this figure in color, go online. Given for where the ligand entered the binding site in each set of 400 independent trajectories for free ligand binding-site exploration runs, with reduced search space of 20 Å .
few entries were observed when using ANM modes while the ligand enters much more frequently in the PCA-based simulations (around five times more often). For both AR and MR, it was not possible to observe ligand entries with ANM when using small ligand translational steps. On the contrary, the PCA modes facilitate the entry. The effect is very small for AR, which can be expected from comparing the ANM and PCA modes where no significant flexibility is present for the entry region.
As the protein structures of MR and AR are very similar, but the PCA modes show significant differences (much higher flexibility in the helix 6-7 region for MR, Fig. S1 ), we applied the PCA-motion modes of MR to AR, thus artificially introducing the helix 6-7 flexibility observed in MR into AR. Using these modes increases the number of entries to values similar to those observed for MR, and allowed much faster entries.
The difference of the ANM and PCA modes for GR is not as high as, e.g., PR. Nevertheless, when using PCA modes (with a steering of nine steps), many more entries can be observed. Although GR possesses an already more open conformation of the helix 6-7 loop, very few entries are observed for ANM. This indicates that the open fold of helix 6-7 is not enough to allow ligand entry; proper treatment of protein flexibility is required.
The results show that the employment of modes based on PCA of experimental x-ray structures can clearly improve the performance of the ligand-protein sampling if important protein flexibility is included and covered by the mode set used.
Binding free energies for PR
While PELE's binding energy (computed as a protein-ligand interaction energy) is very useful to discriminate poses (Fig. 4 ) and compare receptors (Fig. 6 B) , the extensive but fast sampling obtained with PELE makes it possible to further predict absolute binding free energies using MSM (32) . As a model system, we explored the binding free energies for progesterone, cortisol, and aldosterone to PR, as PR provides the highest number of entries and thus is expected to show the best performance in MSM. The resulting predicted values are compared to binding free energies obtained from experimental K i values (obtained by the Life Technologies PR assay; see the Materials and Methods). An overview of the absolute and relative binding free energies is given in Table 3 , and a graphical visualization of the results in Fig. 7 . While absolute values are slightly reduced, possibly due to the limited solvent exploration (see the Materials and Methods), the relative binding free energies correlate very well, as all ligands share an entry point and binding site in PR. Detailed results including implied timescales, the Chapman-Kolmogorov test, and convergence tests for MSM, can be found in the Supporting Material. We should underline that in this study, to our knowledge, we introduced a new approach to improve convergence. First, we run a local exploration with larger ligand translations and rotation, aiming at finding a nonbiased binding event. Then, we selected six representative snapshots (covering the SASA space along the entrance event) and performed an additional PELE exploration where we placẽ 100 processors in each initial structure. This MSM exploration used small ligand translations and rotations, avoiding nonphysical transitions between states. Overall, convergence is significantly improved, allowing us to quantitatively score few ligands in a faster manner (convergence is already achieved after~12 h and 300 cores for this system).
Finally, we used PCCAþ to analyze the ligand binding mechanisms. Fig. 8 shows the five main metastable states that are common to all three ligands: the A (red) cluster in the bulk solvent; the D (green), B (orange), and E (pink) clusters in the receptor surface; and the C (blue) cluster representative of the active site bound complex. Interestingly, the B cluster is located at the surface entrance site, and it largely resembles a peripheral binding site seen in a crystal structure of GR occupied by a steroid-like molecule that is part of the crystallization condition (16) . Fig. 8 also shows the transition probabilities between each metastable state (excluding internal transitions) along the MSM simulations for the three ligands. Clearly, all ligands enter the binding cavity by the B peripheral binding site. Also, there is a clear correlation of the B/C (binding) transition probability with the hydrophobicity of the ligand: 62% for progesterone (the most hydrophobic ligand), 29% for aldosterone, and only 0.1% for cortisol. In addition to the larger transition probability, we find the average residence time (MC steps) for progesterone in site B, 212 steps, to be significantly smaller than the values for aldosterone, 650 steps, and cortisol, 410 steps, indicating an overall faster binding mechanism for progesterone. Besides, the larger hydrophobicity of this ligand significantly increases transitions from the bulk to the protein surface site E (a significantly apolar site). In the other two (more polar) ligands, we observe more transitions to the hydrophilic D site (with charged residues such as Glu-126) and the dominance of transitions from the bulk to the peripheral binding site. Finally, the overall flux from the bulk solvent to the bound C state, together with the committor probability for each state, is also shown in Fig. S3 , where we observe again the importance of the E state in reaching the peripheral binding site for progesterone.
CONCLUSION
In this study, we performed a comprehensive analysis of the ligand entry mechanism in the steroid nuclear hormone receptor family. An initial full (receptor) exploration revealed one shared entry path through the helix 3, 7, and 11 regions. A refined exploration concentrating on the discovered entry region allowed us to localize ligand conformations with ligand heavy atom RMSD toward the x-ray structure of <1.0 Å , which correlated well to the binding energy. Furthermore, binding energies largely correlated with experimental pIC50 values when comparing all five receptors and one ligand (progesterone). Our findings, however, reveal differences in the number of entries for the different receptors. Analysis of the protein conformations shows two distinct loop foldings of the helix 6-7 region that can be classified as open and closed. Moreover, in line with previous studies, we observe that ligand entry in steroid nuclear hormone receptors is mainly driven by the flexibility observed at the helix 3, 7, and 11 regions. To better model the protein dynamics in these regions, we performed a PCA analysis on the existing bound crystal structures. Application of PCA-based motion modes can clearly improve the sampling performance and description of protein dynamics in cases where significant information is present in the underlying x-ray structure ensemble. The comparison of ANM and PCA modes, both quick and computationally inexpensive, may reveal important induced-fit movements of the protein. Therefore, the employment of experimentally based modes represents a reasonable and straightforward approach for exploiting experimental information in protein-ligand sampling.
The extensive sampling provided by PELE allowed the prediction of absolute binding free energies and binding mechanism using MSM. The predicted relative binding free energies for aldosterone, progesterone, and cortisol binding to PR show a very good correlation to experimental relative binding free energies and describes the correct trend of the three ligands. PCCAþ revealed the importance of a peripheral binding site and the hydrophobic nature of the ligand. Overall, our study suggests the important combination of two factors: 1) the flexibility at the helix 3, 7, and 11 regions, necessary for the ligand to enter the binding site cavity; and 2) the hydrophobic nature of the ligand, increasing the transitions between the peripheral and the active binding sites.
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